Study objectives: GABAergic transmission in the oral part of the pontine reticular formation (PnO) increases wakefulness. The hypothalamic peptide hypocretin-1 (orexin A) promotes wakefulness, and the PnO receives hypocretinergic input. The present study tested the hypothesis that PnO administration of hypocretin-1 increases PnO GABA levels and increases wakefulness. This study also tested the hypothesis that wakefulness is either increased or decreased, respectively, by PnO administration of drugs known to selectively increase or decrease GABA levels. design: A within-subjects design was used for microdialysis and microinjection experiments. Setting: University of Michigan. patients or participants: Experiments were performed using adult male Crl:CD ® (SD)IGS BR (Sprague-Dawley) rats (n = 46). interventions: PnO administration of hypocretin-1, nipecotic acid (a GABA uptake inhibitor that increases extracellular GABA levels), 3-mercaptopropionic acid (a GABA synthesis inhibitor that decreases extracellular GABA levels; 3-MPA), and Ringer solution (vehicle control).
Γ-AMINOBUTYRIC ACID (GABA) IS THE MAJOR INHIB-ITORY NEUROTRANSMITTER IN BRAIN, AND MOST
CLINICALLY USED DRUGS THAT POTENTIATE GABAergic transmission produce a loss of normal wakefulness. [1] [2] [3] [4] Chronic insomnia, which occurs in about 10% of the US population, 5 is frequently treated by drugs that act as agonists at the benzodiazepine binding site on the GABA A receptor complex. 1 However, microinjection of the GABA A receptor agonist muscimol into the oral part of the pontine reticular formation (PnO) increases wakefulness and decreases sleep. [6] [7] [8] [9] Consistent with these findings are data showing that PnO microinjection of the GABA A receptor antagonist bicuculline decreases wakefulness and increases rapid eye movement (REM) sleep. [8] [9] [10] Taken together, these data support the interpretation that within the PnO, GABAergic transmission promotes wakefulness and inhibits sleep.
Hypocretin-1 (orexin A) is an endogenous hypothalamic peptide that contributes to the regulation of behavioral and electroencephalographic (EEG) arousal.
11 Defects in hypocretinergic signaling underlie the human sleep disorder narcolepsy 12 and cause a narcoleptic-like phenotype in dog 13 and mouse. 14 Hypocretinergic neurons project to every major arousal-promoting nucleus in the brain, including the PnO. [15] [16] [17] Hypocretin receptors are present 18 and functionally active 19 in rat PnO. Hypocretin-1 directly excites PnO neurons in cat, and microinjection of hypocretin-1 into cat PnO during non-REM (NREM) sleep increases REM sleep. 20 No previous studies have investigated the effects on sleep and wakefulness of microinjecting hypocretin-1 into rat PnO.
The present study tested the hypothesis that PnO administration of hypocretin-1 increases PnO GABA levels and increases wakefulness. This hypothesis was examined with 2 approaches. First, in vivo microdialysis in anesthetized rat and high performance liquid chromatography (HPLC) were used to quantify the effects of hypocretin-1 on PnO GABA levels. Second, PnO microinjection in unanesthetized rat was used to assess the effects of hypocretin-1 on sleep and wakefulness. This study also tested the hypothesis that PnO administration of drugs known to selectively increase or decrease GABA levels causes an increase or decrease, respectively, in wakefulness. PnO microinjection of nipecotic acid, a GABA uptake inhibitor known to increase extracellular GABA levels in vivo, 21, 22 was predicted to increase wakefulness. PnO microinjection of 3-mercaptopropionic acid (3-MPA), a glutamic acid decarboxylase inhibitor that decreases extracellular GABA levels in vivo, 22 was predicted to decrease wakefulness. Preliminary portions of this report have been presented as abstracts.
ExpERiMEntal pRocEduRES animals and chemicals
Experiments conformed to the US Public Health Service Policy on Humane Care and Use of Laboratory Animals (National Institutes of Health Publication 80-23, National Academy of Sciences Press, Washington DC, 1996) and were approved by the University of Michigan Committee on Use and Care of Animals. Adult (235 to 250 g) male Crl:CD ® (SD) IGS BR (Sprague-Dawley) rats (n = 46) purchased from Charles River Laboratories (Wilmington, MA) were housed in the Unit for Laboratory Animal Medicine facilities that provided a temperature-and humidity-controlled environment with ad libitum access to food and water and a 12-hour light/dark cycle (lights on at 0600). Rats were given at least 1 week to adapt to this environment before being used for either in vivo microdialysis studies or PnO microinjections followed by electrophysiologic recordings to quantify sleep and wakefulness.
Salts for Ringer solution (147.0 mM NaCl, 2.4 mM CaCl 2 , 4.0 mM KCl, 1.0 mM MgSO 4 , pH 6.0) and 85% o-phosphoric acid came from Fisher Scientific (Pittsburgh, PA). Sodium phosphate dibasic was obtained from Mallinckrodt (St. Louis, MO). Human hypocretin-1 was purchased from California Peptide Research, Inc. (Napa, CA), and o-phthaldialdehyde (Fluoraldehyde) from Pierce Biotechnology, Inc. (Rockford, IL). All other chemicals were purchased from Sigma Aldrich (St. Louis, MO).
in Vivo Microdialysis
Published and preliminary data show that endogenous GABA levels vary significantly as a function of arousal state in numerous brain regions, including the posterior hypothalamus, 26 dorsal raphe nucleus, 27 locus coeruleus, 28 and pontine reticular formation. [29] [30] [31] Hypocretin levels also vary as a function of arousal state, 32 and hypocretin levels in rat lateral hypothalamus increase with increased wakefulness. 33 Therefore, in vivo microdialysis experiments (n = 18 rats) were conducted using general anesthesia as a method for holding behavioral state constant. This approach has been used successfully for quantifying drug effects on acetylcholine release. [34] [35] [36] This method helped ensure that measured changes in GABA levels did not result from spontaneous alterations between sleep and wakefulness. Extracellular GABA collected using microdialysis may originate from neurons and glia. 37, 38 Therefore, this report refers to changes in GABA levels, rather than changes in GABA release.
Microdialysis experiments followed methods described previously. 19, 21 Briefly, anesthesia was induced with 3.5% halothane (Halocarbon Laboratories, River Edge, NJ) in 100% O 2 delivered at a flow rate of 1 L/minute. Delivered halothane concentration was measured continuously by spectrometry (Cardiocap ™ /5, Datex-Ohmeda, Louisville, CO). Once fully anesthetized, a rat was placed in a small-animal stereotaxic instrument fitted with a rat anesthesia mask (David Kopf Instruments, Tujunga, CA), and delivered halothane concentration was reduced to 2%. Core body temperature was monitored continuously using a rectal thermometer, and body temperature was maintained at 37ºC throughout the experiment. Using aseptic surgical techniques, 1 CMA/11 microdialysis probe (cuprophane membrane, 1 mm in length, 0.24 mm in diameter, with a 6 kDa cutoff; CMA, North Chelmsford, MA) was aimed for the PnO using stereotaxic coordinates 8.4 mm posterior to bregma, 1.0 mm lateral to bregma, and 9.2 mm ventral to skull surface. 39 Delivered halothane concentration was reduced to 1.5% at a flow rate of 0.6 L/minute and held constant during dialysis sample collection. Dialysis probes were perfused continuously at a flow rate of 2.0 µL/minute. Dialysis samples were collected on ice every 7 minutes (14 µL/sample) for subsequent quantification of GABA. Rats were kept for a minimum of 2 days before their brains were examined for histologic confirmation of dialysis probe placement. Each rat was used for only 1 microdialysis experiment.
The first series of in vivo microdialysis experiments aimed to determine the amount of time required to achieve stable levels of GABA following PnO insertion of the microdialysis probe. For these experiments, the dialysis probe was perfused with Ringer solution (control), and collection of dialysis samples began immediately after the dialysis probe was placed in the PnO. The second series of in vivo microdialysis experiments administered hypocretin-1 to the PnO while quantifying the effects on PnO GABA levels. Each of these experiments consisted of collecting a total of 18 sequential dialysis samples during 3 sequential treatment conditions (6 samples per condition). During condition 1, the dialysis probe was perfused with Ringer solution (control). For condition 2, the probe was perfused with Ringer solution containing a known concentration of hypocretin-1 (0, 1, 3, 10, 30, or 100 µM). Condition 3 was a return to perfusing the probe with Ringer solution. The change between dialysis treatment conditions was made via a CMA/110 liquid switch. Studies using neuropeptides of similar molecular mass to hypocretin-1 have shown that less than 0.1% of the peptide crosses the dialysis membrane. 40 Therefore, approximate concentrations of hypocretin-1 delivered to the PnO in the present study ranged from 1 to 100 nM. Successful microdialysis delivery of hypocretin-1 to the brain has been demonstrated. 19, 34 To ensure that intraexperimental changes in microdialysis probe performance did not confound experimental results, probe recovery of GABA was tested in vitro before and after each experiment as previously described. 21, 34 The mean ± standard error of the mean (SEM) percentage of probe recovery of GABA for all microdialysis probes used in this study was 5.3% ± 0.4% before insertion into the brain and 5.7% ± 0.4% after removal from the brain. These recoveries were not significantly different by t-test.
Quantification of Gaba using Hplc and Electrochemical detection
Dialysis samples were analyzed using an HPLC system described previously. 21 Briefly, a Shiseido CAPCELL PAK C-18 separation column (3 µm particle diameter, 3 mm inner diameter, 5 cm length; JM Science Inc., Grand Island, NY) was used for analyte separation. Dialysate was derivatized with a solution consisting of 5.0 mM o-phthaldialdehyde, 1.8 mM β-mercaptoethanol, 97.1 mM borate buffer, 2.5% (v/v) methanol at pH 9.3, and then injected onto the separation column using an autosampler. GABA was isolated using a 100 mM sodium phosphate, 25% (v/v) methanol, and 3% (v/v) acetonitrile (pH 6.75) mobile phase at a flow rate of 0.6 mL/minute.
GABA peak determination in brain dialysis samples was based on the retention time of GABA standards used during standard curve construction. Seven concentrations (ranging from 0.011 pmol/10 µL to 0.913 pmol/10 µL injected volume) of GABA were used for the standard curve and bracketed all dialysate GABA concentrations. Standard curves were generated before and after dialysis sample analysis to confirm that instrument sensitivity did not decrease during sample analysis.
in vivo Microinjection and arousal State Quantification
Three series of microinjection studies were performed to determine whether PnO administration of hypocretin-1, nipecotic acid, or 3-MPA alters sleep and wakefulness. Surgical and experimental methods have been reported previously. 21 Briefly, rats used for the microinjection studies (n = 28) were anesthetized with isoflurane and implanted with a guide cannula (Plastics One, Roanoke, VA) aimed 1 mm above the PnO. 39 Three screw electrodes (Plastics One) for recording the cortical EEG were implanted on the surface of the cortex, and 2 additional electrodes were implanted bilaterally in the dorsal neck muscles for monitoring the electromyogram (EMG). The electrode leads were inserted into a 6-pin multichannel electrode pedestal (Plastics One). The guide cannula, electrodes, and pedestal were fixed to the skull by dental acrylic (Lang Dental Manufacturing Company, Inc., Wheeling, IL) and 3 anchor screws (Small Parts, Inc., Miami Lakes, FL). At the end of each surgery, the guide tube was capped with a Plastics One obturator.
Each rat was conditioned to a recording chamber (Raturn ® ; Bioanalytical Systems (BAS), West Lafayette, IN) and a white-noise generator for a minimum of 7 days after surgery. For conditioning and for experiments, rats were tethered in the chamber. All microinjections were performed a minimum of 1 week apart, and each rat was tethered in the Raturn for a minimum of 18 hours before any microinjection or recording. Microinjections were always performed between 0930 and 1030. All but 3 rats received 1 microinjection (60 second duration) of Ringer solution (0.1 µL; vehicle control) and 1 microinjection of either hypocretin-1 (35.6 ng/0.1 µL; 10 pmol; 0.1 mM), nipecotic acid (1.29 µg/0.1 µL; 10 nmol; 100 mM), or 3-MPA (1.06 µg/0.1 µL; 10 nmol; 100 mM). Three rats received both hypocretin-1 and nipecotic acid. The order of the microinjections was randomized. A 2 hour baseline recording was performed 3 days prior to the first microinjection to ensure signal integrity. Polygraphic signals were scored in 10 second epochs as wakefulness, NREM sleep, or REM sleep using Icelus Analysis software. 41 
Histologic localization of Microdialysis and Microinjection Sites
Animals were deeply anesthetized and decapitated, and brains were rapidly removed, frozen, and serially cut in 40-µm thick sections with a cryostat (Leica Microsystems, Nussloch, Germany). Coronal sections spanning the pontine brainstem were stained with cresyl violet. All sections containing microdialysis or microinjection sites were compared to a rat brain atlas 39 to 39 has been modified by adding a schematized microdialysis probe inserted in the PnO. The dialysis membrane at the tip of the probe is drawn to scale. Curved arrows indicate that Ringer solution was delivered to the probe through the inlet port and GABA from the PnO was collected at the outlet port. B. GABA levels in sequentially collected dialysis samples are plotted for the first 84 minutes after dialysis probe insertion into the PnO. Each bar indicates average GABA levels from 18 rats, plotted in 7 minute intervals. Thus, time 7 indicates minutes 1-7, and time 84 indicates minutes 78-84. C. GABA levels in the PnO remained stable for 2.8 hours of dialysis with Ringer solution. Each bar represents average PnO GABA levels in 18 dialysis samples (6 samples per rat x 3 rats).
Hypocretin-1 Increases PnO GABA and Wakefulness-Watson et al

Statistical analyses of microdialysis and microinjection data
GABA levels are expressed as percentage of control (dialysis with Ringer solution), calculated for each experiment. Data were analyzed using descriptive and inferential statistics (GBStat™ v.6.5.6, Dynamic Microsystems, Inc., Silver Spring, MD; and SPSS v.11.0.3, SPSS Inc., Chicago, IL). The time required to achieve stable GABA levels following dialysis probe insertion was assessed by linear regression analysis. Time-course dialysis data were analyzed by nonparametric Kruskal-Wallis determine the 3-dimensional coordinates (mm) of the site relative to bregma. Only experiments in which the microdialysis membrane or the tip of the microinjection cannula was located in the PnO were included in the group data. Figure 1B . Asterisks indicate a significant increase compared to the average GABA level measured during dialysis with Ringer solution before delivery of hypocretin-1 (samples 1-6). D. Each concentration of hypocretin-1 was tested in 3 rats. The number of dialysis samples used to calculate mean ± SEM GABA levels was 16, 17, 17, 18, 18 , and 18 for hypocretin-1 concentrations of 0, 1, 3, 10, 30, and 100 µM, respectively. Average GABA levels significantly (*) increased during dialysis with 10, 30, and 100 µM hypocretin-1 as compared to control dialysis with Ringer solution (0 µM hypocretin-1).
Hypocretin-1 Increases PnO GABA and Wakefulness-Watson et al comparisons test showed that GABA levels were significantly (*) increased over control (0 μM hypocretin-1) by 46.5% ± 7.5%, 69.0% ± 10.4%, and 183.8% ± 28.9% during perfusion of the dialysis probe with 10, 30, and 100 µM hypocretin-1, respectively.
Histologic analyses confirmed that all GABA measures reported in Figures 1 and 2 were obtained from the PnO. Figure   1 -way analysis of variance (ANOVA) and posthoc t-tests with a Bonferroni correction. Dialysis concentration response data were analyzed using a completely randomized 1-way ANOVA with Dunnett's posthoc multiple comparisons test. Significant effects of drug microinjections on sleep and wakefulness were determined by paired t-test. A probability (P) value of < 0.05 was considered statistically significant. All data are reported as mean ± SEM. Figure 1 summarizes the results of experiments designed to determine the amount of time needed for GABA levels to stabilize following placement of the dialysis probe in the PnO. Figure 1A demonstrates that GABA is detectable in brain dialysis samples with the use of in vivo microdialysis and HPLC. Figure 1B plots GABA levels during the first 84 minutes after dialysis probe insertion into the PnO. Linear regression analysis of GABA levels in the first 6 dialysis samples (minutes 7-42) resulted in a line equation of y = -0.0451x + 0.2271 and a slope that was significantly different than 0 (t = -4.8; P = 0.0089), indicating that GABA levels were decreasing significantly during this time. The regression equation for the last 6 dialysis samples (minutes 49-84) was y = -0.0021x + 0.0613. The slope was not significantly different from 0, demonstrating that GABA levels had stabilized. Figure 1C shows that during anesthesia, PnO GABA levels remained stable for up to 210 minutes of dialysis with Ringer solution (control). Average GABA levels during minutes 43 to 210 were 0.029 ± 0.001 pmol/10 μL.
RESultS
Gaba levels Were Stable Within 42 Minutes after dialysis probe insertion into the pno
Hypocretin-1 caused a concentration-dependent increase in pno Gaba levels
The effects of 3 hypocretin-1 concentrations on GABA levels across time are summarized by Figure 2A -C. Dialysis with 1 µM of hypocretin-1 ( Figure 2A , solid bars, samples 7-12) did not significantly change GABA levels compared to dialysis with Ringer solution (Figure 2A , hatched bars, samples 1-6). Dialysis with 10 µM of hypocretin-1 ( Figure 2B , solid bars, samples 7-12) significantly (*) increased GABA levels after 7 minutes of drug administration ( Figure 2B ; χ 2 = 24.2; df = 12; P = 0.019). GABA returned to predrug control levels within the first 7 minutes after dialysis administration of hypocretin-1 was discontinued ( Figure 2B , hatched bars, samples [13] [14] [15] [16] [17] [18] . Dialysis with 100 µM of hypocretin-1 ( Figure 2C , solid bars, samples 7-12) significantly (*) increased PnO GABA levels within the first 7 minutes of drug administration ( Figure 2C ; χ 2 = 25.5; df = 12; P = 0.013). When the dialysis solution was switched back to Ringer solution without hypocretin-1 (Figure 2C, hatched bars, samples 13-18 ), GABA levels remained elevated (*) during the first 7-minute sampling period ( Figure  2C, sample 13) . Figure 2D depicts average GABA levels during dialysis with Ringer solution (0 µM hypocretin-1) and 5 concentrations of hypocretin-1. ANOVA revealed a significant effect of hypocretin-1 concentration on PnO GABA levels (F = 29.12; df = 5, 97; P < 0.0001). Dunnett's posthoc multiple 
Hypocretin-1 and Endogenous Gaba in the pno increased Wakefulness and decreased Sleep
Having demonstrated that hypocretin-1 increases GABA levels in the PnO, this study then quantified the effects on sleep and wakefulness of microinjecting hypocretin-1 into the PnO. In addition, the effects on sleep and wakefulness of microinjecting nipecotic acid and 3-MPA into the PnO were examined. Nipecotic acid increases GABA levels in rat PnO, 21 and 3-MPA decreases GABA levels in rat striatum.
22 Figure 4 shows the 3 schematizes the location of each microdialysis membrane on a series of coronal drawings of the rat brainstem. 39 The average stereotaxic coordinates of the dialysis membranes were 7.96 ± 0.06 mm posterior to bregma, 1.07 ± 0.05 mm lateral to the midline, and 8.66 ± 0.06 mm ventral to the skull surface.
39
Figure 5-Pontine reticular nucleus, oral part (PnO) microinjection of hypocretin-1 caused a reversible increase in wakefulness and decrease in sleep. In the first hour after microinjection, the percentage of wakefulness (A) increased by 30%, and the percentage of NREM sleep (B) and REM sleep (C) decreased by 36% and 68%, respectively. Hypocretin-1 increased REM latency (D) by 79% but did not affect NREM latency (D). Microinjection of hypocretin-1 decreased the number of episodes of wakefulness (E, 38%), NREM sleep (F, 41%), and REM sleep (G, 71%). All dependent measures of sleep and wakefulness returned to control (Ringer solution) levels during the second hour of recording. Hypocretin-1 microinjection sites (H) were localized to the PnO and are depicted by filled circles on 2 coronal diagrams modified from a rat brain atlas. 39 Numbers at the right of each diagram indicate mm posterior to bregma. Hypocretin-1 microinjection sites (n = 10) spanned from -7.80 to -8.26 mm from bregma. Figure 6 -Nipecotic acid significantly (*) increased wakefulness and decreased sleep in the first hour after microinjection into the pontine reticular nucleus, oral part (PnO). Nipecotic acid caused a 20% increase in wakefulness (A), a 39% decrease in non-rapid eye movement (NREM) sleep (B), and a 70% decrease in rapid eye movement (REM) sleep (C). Nipecotic acid also increased latency to onset of REM sleep by 49% (D). Nipecotic acid decreased the number of episodes of wakefulness (E, 39%), NREM sleep (F, 46%), and REM sleep (G, 68%). Nipecotic acid microinjection sites (H) were localized to the PnO and are represented by filled circles on 3 coronal diagrams modified from a rat brain atlas. 39 Numbers at the right of each diagram indicate mm posterior to bregma. Sites where nipecotic acid was microinjected ranged from -7.82 to -8.73 mm from bregma. cotic acid on sleep and wakefulness were observed only during the first hour after injection. All dependent measures of sleep and wakefulness returned to control (Ringer solution) levels during the second hour of recording. The filled circles in Figure 6H localize the nipecotic acid microinjection sites. Mean ± SEM stereotaxic coordinates 39 for these sites were 8.19 ± 0.09 mm posterior to bregma, 1.30 ± 0.08 mm lateral to the midline, and 8.10 ± 0.07 mm ventral to the skull surface. Figure 7 reveals that microinjection of 3-MPA, a GABA synthesis inhibitor, into the PnO of awake rat (n = 9) decreased wakefulness and increased NREM sleep and REM sleep. During the first hour after injection, 3-MPA significantly (*) decreased the percentage of wakefulness ( Figure 7A ; t = 4.5; P = 0.00095) and the average duration of wakefulness from 3.22 ± 0.86 to 1.42 ± 0.23 minutes (data not graphed; t = 2.4; P = 0.02). Microinjection of 3-MPA also caused a significant increase in the percentage of NREM sleep ( Figure 7B ; t = 3.2; P = 0.0059) and percentage of REM sleep ( Figure 7C ; t = 5.0; P = 0.0005). The number of episodes of NREM sleep ( Figure  7F ; t = 1.9; P = 0.0491) and REM sleep ( Figure 7G ; t = 4.1; P = 0.00165) significantly increased after administration of 3-MPA. Microinjection of 3-MPA also significantly increased the average duration of NREM sleep from 0.81 ± 0.14 to 1.08 ± 0.09 minutes (data not graphed; t = 2.2; P = 0.0312) and REM sleep from 0.55 ± 0.26 to 1.38 ± 0.23 minutes (data not graphed; t = 3.0; P = 0.0080) in the first hour after microinjection. The decreases in NREM latency and REM latency ( Figure 7D ) and the increase in the number of wake episodes ( Figure 7E) were not statistically significant. PnO microinjection of 3-MPA had no effect on the number of state transitions. All sleep and wake measures monitored returned to Ringer solution (control) values during the second hour after injection. Microinjection sites for 3-MPA are plotted in Figure 7H and were localized to the following mean ± SEM stereotaxic coordinates: 39 8.27 ± 0.06 mm posterior to bregma, 1.22 ± 0.04 lateral to the midline, and 8.08 ± 0.09 below the skull surface.
diScuSSion
This study aimed to further explore the finding that, despite the widespread clinical use of GABAmimetic drugs to produce sleep, sedation, and general anesthesia, 1,3-5 GABAergic neurotransmission within the pontine reticular formation promotes wakefulness and inhibits sleep. [6] [7] [8] [9] [10] Specifically, this study tested the hypothesis that PnO administration of the arousal-promoting peptide hypocretin-1 increases PnO GABA levels and increases wakefulness. This study also tested the hypothesis that PnO administration of drugs that selectively increase or decrease extracellular GABA levels causes an increase or decrease, respectively, in wakefulness. The hypotheses were supported by the data. Following an overview of methodologic issues and study limitations, the results are discussed below with respect to the regulation of sleep and wakefulness by hypocretinergic and GABAergic transmission in the PnO.
Methodologic considerations and limitations
Several methodologic issues must be considered when measuring brain GABA levels using in vivo microdialysis and temporal distribution of sleep and wakefulness from representative experiments following PnO microinjection of Ringer solution (vehicle control, Figure 4A ), hypocretin-1 ( Figure 4B ), nipecotic acid ( Figure 4C) , and 3-MPA ( Figure 4D ). Hypocretin-1 and nipecotic acid increased wakefulness, decreased sleep, and increased REM latency, whereas 3-MPA decreased wakefulness and increased NREM sleep and REM sleep. The effects on sleep and wakefulness shown in these single case examples are representative of the group data, summarized by Figures 5 to 7 . Figure 5 reports the increase in wakefulness and decrease in sleep caused by microinjecting hypocretin-1 into the PnO of awake rat (n = 10). During the first hour after injection, hypocretin-1 significantly (*) increased the percentage of time spent in wakefulness ( Figure 5A ; t = 4.1; P = 0.0014) and significantly decreased the percentage of time spent in NREM sleep ( Figure  5B ; t = 3.8; P = 0.0022) and REM sleep ( Figure 5C ; t = 2.7; P = 0.0116). The amount of wakefulness, NREM sleep, and REM sleep returned to control levels during the second hour after injection ( Figures 5A-C) . Hypocretin-1 also caused an increase in REM latency ( Figure 5D ; t = 3.5; P = 0.0033). During the first hour after microinjection, hypocretin-1 decreased the number of wake episodes ( Figure 5E , t = 3.3; P = 0.0046) and increased the average duration of wakefulness from 1.53 ± 0.27 to 3.31± 0.77 minutes (data not graphed; t = 2.9; P = 0.0093). Hypocretin-1 also decreased the number of NREM sleep episodes ( Figure 5F ; t = 3.6; P = 0.0029), with no change in NREM sleep episode duration. A significant decrease in the number of REM episodes ( Figure 5G ; t = 3.0; P = 0.007) and average REM episode duration from 0.71 ± 0.20 to 0.17 ± 0.12 minutes (data not graphed; t = 1.97; P = 0.04) was also caused by PnO microinjection of hypocretin-1. The number of state transitions decreased by 42.9% during the first hour after microinjection of hypocretin-1 into the PnO (data not graphed; t = 3.7; P = 0.0022). All values returned to control levels (Ringer solution) during the second hour after injection. Figure 5H summarizes microinjection sites for hypocretin-1, indicated by filled circles on schematic coronal drawings from a rat brain atlas. 39 Mean ± SEM stereotaxic coordinates 39 for hypocretin-1 microinjection sites were 7.95 ± 0.05 mm posterior to bregma, 1.18 ± 0.07 mm lateral to the midline, and 8.36 ± 0.12 mm ventral to the skull surface. Figure 6 shows that, similar to hypocretin-1, microinjection of the GABA uptake inhibitor nipecotic acid into the PnO of awake rat (n = 9) increased wakefulness and decreased both NREM sleep and REM sleep. Nipecotic acid significantly (*) increased the percentage of wakefulness ( Figure 6A ; t = 2.2; P = 0.03) and the REM latency ( Figure 6D ; t = 2.1; P = 0.0359). Nipecotic acid significantly decreased the percentage of time spent in NREM sleep ( Figure 6B ; t = 1.9; P = 0.0445) and REM sleep ( Figure 6C ; t = 2.9; P = 0.0100). Also decreased by nipecotic acid were the number of episodes of wakefulness (Figure 6E ; t = 2.8; P = 0.0121), NREM sleep ( Figure 6F ; t = 2.9; P = 0.0086), and REM sleep ( Figure 6G ; t = 2.7; P = 0.0143). Nipecotic acid showed a trend for increasing the average duration of wakefulness episodes from 2.99 ± 0.379 to 17.43 ± 8.14 minutes (data not graphed; t = 1.8; P = 0.0570). PnO microinjection of nipecotic acid resulted in a 46.3% decrease in the number of state transitions during hour 1 (data not graphed; t = 3.02; P = 0.0083). Similar to hypocretin-1, the effects of nipe-not feasible. Second, it is unlikely that GABA released into the synapse diffuses out to the extrasynaptic space. 49 Third, the spatial resolution of microdialysis probes does not allow for differentiating sources of neurotransmitter changes at the level of the synapse. Instead, microdialysis sampling monitors changes occurring in the extracellular space. 37 Increased extracellular levels of neurotransmitters such as GABA may indirectly reflect neuronal release because at least some GABA is released from glia that envelop neuronal terminals and form a tripartite synapse (reviewed in [49] [50] [51] [52] ). GABA from nonvesicular sources plays an important role in inhibition via volume transmission, which occurs in the extracellular space (reviewed in 37, 38, 49, 53 ). Volume transmission targets extrasynaptic GABA A receptors, which are activated via changes in GABAergic tone (reviewed in [54] [55] [56] ). Similar to microdialysis probes, these extrasynaptic GABA A receptors cannot distinguish the source of GABA but can determine whether GABA levels increase or decrease. Because the exact origins of GABA in the extracellular space remain unclear, the present report takes the conservative approach of referring only to GABA levels and not GABA release.
This is the first study to determine the amount of time needed for GABA levels to stabilize following placement of a microdialysis probe into rat PnO. In a prior study measuring GABA levels in PnO of awake rat, 21 the dialysis probe was inserted 17 to 18 hours prior to collection of dialysis samples in an attempt to minimize the effects of tissue trauma on GABA levels. Figure 1 shows that GABA levels in the PnO of halothaneanesthetized rat stabilized within 42 minutes of microdialysis probe insertion. This finding suggests that, for future in vivo microdialysis experiments using unanesthetized rat, it will be possible to decrease the time between probe insertion and measurement of GABA levels in dialysis samples. Figure 1 also clearly demonstrates that GABA levels do not change significantly as a function of time for up to 210 minutes of dialysis during general anesthesia.
Nipecotic acid is a selective GABA uptake inhibitor, and PnO administration of nipecotic acid had the same effects on sleep and wakefulness ( Figure 6 ) as did hypocretin-1 ( Figure 5 ). 3-MPA is a selective inhibitor of GABA synthesis, and 3-MPA caused effects on sleep and wakefulness ( Figure 7 ) that were opposite to those caused by hypocretin-1 ( Figure 5) . Therefore, the present data suggest that hypocretin-1 increased wakefulness by increasing GABA levels in the PnO. However, a causal relationship has not been established. Demonstrating that the hypocretin-1-induced increase in wakefulness is blocked by a GABA A receptor antagonist would provide direct support for this interpretation.
Hypocretin-1 delivered to the pno increases Gaba levels and increases Wakefulness
Hypocretinergic neurons originate in the lateral hypothalamus 57, 58 and project to all major arousal-promoting nuclei in the brain, including the PnO. 16 Keen interest in the physiologic roles of hypocretin was sparked by the discovery that defects in hypocretinergic signaling contribute to the human sleep disorder narcolepsy (reviewed in 11 ). A large body of evidence now supports a role for hypocretin in activating motor systems and promoting wakefulness. [59] [60] [61] [62] [63] [64] [65] [66] HPLC. First, a variety of GABAergic neurons may contribute to extracellular changes in PnO GABA levels, including afferent neurons, [42] [43] [44] [45] efferent neurons, 46 ,47 and interneurons. 42, 48 Identifying the sources of GABA measured in the present study was Figure 7 -Pontine reticular nucleus, oral part (PnO) microinjection of 3-mercaptopropionic acid (3-MPA) significantly (*) and reversibly increased sleep and decreased wakefulness. Microinjection of 3-MPA decreased wakefulness by 29% (A), increased nonrapid eye movement (NREM) sleep by 68% (B), and increased rapid eye movement (REM) sleep by 193% (C) during the first hour after PnO microinjection. Although the effects did not reach statistical significance, 3-MPA showed a trend toward decreasing the latency to onset of NREM sleep and REM sleep (D) by 42% and 29%, respectively. During the first hour, an increase in the number of episodes of wakefulness (E, 28%), NREM sleep (F, 31%), and REM sleep (G, 190%) was also observed after 3-MPA microinjection, but only the increase in the number of NREM sleep and REM sleep episodes achieved statistical significance. 3-MPA microinjection sites (H) were localized to the PnO and are indicated by filled circles on 3 coronal diagrams modified from a rat brain atlas. 39 Numbers at the right of each diagram indicate mm posterior to bregma. The PnO sites where 3-MPA was microinjected extended from -7.97 to -8.51 mm from bregma.
Hypocretin-1 Increases PnO GABA and Wakefulness-Watson et al REM sleep when it was delivered during NREM sleep, 20 and in rat increased wakefulness when it was delivered during wakefulness ( Figure 5 ). These findings suggest that hypocretinergic regulation of arousal may change in a state-dependent manner. State-dependent effects of cholinomimetics have been described previously. 77, 78 In normal humans, administering the acetylcholine esterase inhibitor physostigmine during NREM sleep induces REM sleep, whereas administering the same dose of physostigmine at the onset of REM sleep induces wakefulness. 77 In experimental animals, the effects on sleep and wakefulness of microinjecting cholinomimetics into the PnO also are dependent on the behavioral state of the animal at the time when the microinjection is made. 78 The PnO is a component of the ascending reticular activating system, 79 and hypocretin-1, similar to acetylcholine, increases cortical EEG activation. Thus, PnO administration of hypocretin-1 during NREM sleep may stimulate neuronal networks to produce the EEG-activated state of REM sleep, whereas administration of hypocretin-1 during wakefulness may prolong the EEG-activated state of wakefulness. This concept is supported by the finding that the probability of transitioning to REM sleep greatly increases if a drug is injected during NREM sleep rather than during wakefulness. 20, 78 Endogenous Gaba in the pno promotes Wakefulness
Results from microinjection studies using 3 species have consistently led to the conclusion that GABAergic transmission in the PnO promotes wakefulness. PnO microinjection of the GABA A receptor agonist muscimol increases wakefulness in cat, 9 rat, 7 and mouse. 6 Microinjecting the GABA A receptor antagonist bicuculline into the PnO increases REM sleep and decreases wakefulness in cat, 9 rat, 8 and mouse. 10 The present study is the first to quantify the effects on sleep and wakefulness of microinjecting drugs into rat PnO that selectively alter GABAergic tone. Nipecotic acid increases GABA levels by blocking GABA uptake, 22 and dialysis administration of nipecotic acid to rat PnO has been shown to significantly increase PnO GABA levels. 21 3-MPA inhibits the GABA synthetic enzyme glutamic acid decarboxylase, and 3-MPA is known to decrease GABA levels in the striatum, 22 hypothalamus, 80 nucleus accumbens, 81 and substantia nigra.
82
PnO microinjection of nipecotic acid ( Figure 6 ) significantly increased wakefulness and decreased sleep. Increasing wakefulness and decreasing sleep by selectively increasing GABA levels in the PnO is consistent with data showing that PnO microinjection of muscimol increases wakefulness and decreases sleep. 6, 7, 9 The increase in wakefulness and decrease in sleep caused by nipecotic acid supports the interpretation that similar changes in sleep and wakefulness caused by PnO microinjection of hypocretin-1 ( Figure 5 ) may be due, at least in part, to the hypocretin-1-induced increase in PnO GABA levels ( Figure 2 ).
The present data show that microinjecting 3-MPA into rat PnO decreased wakefulness and increased sleep (Figure 7 ). There are measurable levels of GABA in rat PnO 21 (Figure 1) , and rat PnO contains neurons that are immunoreactive for the GABA synthetic enzyme glutamic acid decarboxylase. 83 Therefore, it is reasonable to assume that 3-MPA decreases endogenous GABA levels in the PnO, as it does in other brain regions.
22,80-82 The 3-MPAinduced decrease in wakefulness and increase in REM sleep are Hypocretin may modulate behavioral arousal, in part, by increasing GABAergic transmission. Hypocretin increases GABAmediated currents in hypothalamic slices 67 and activates GABAergic terminals in the tuberomammillary nucleus. 68 The effect of hypocretin on GABAergic neurons in the PnO is not known, but hypocretin-1 has been shown to inhibit the spontaneous firing of PnO neurons in urethane-anesthetized rat. 15 This inhibition was reversed by pretreatment with the GABA A receptor antagonist bicuculline, suggesting that the hypocretin-induced neuronal inhibition was secondary to a hypocretin-induced increase in GABA release. 15 The present data showing that hypocretin-1 caused a concentration-dependent increase in PnO GABA levels ( Figure 2 ) are consistent with this interpretation. Hypocretin has also been shown to depolarize and increase the spontaneous firing rate of PnO neurons. 20 Activation of GABAergic neurons in PnO would increase wakefulness, and GABAergic neurons 48 and terminals 17, 47 are present within the PnO. Although a direct causal effect has not been shown, the localization of hypocretin-1 and hypocretin-2 receptors on PnO GABA neurons 69 coupled with the findings that PnO administration of hypocretin-1 increased PnO GABA levels ( Figure 2 ) and increased wakefulness ( Figure  5 ) suggest that hypocretin-1 may promote wakefulness, in part, by increasing GABA levels in the PnO.
Dialysis delivery of hypocretin-1 to the PnO of anesthetized rat also has been shown to increase PnO acetylcholine release. 34 Microinjection of cholinomimetics into the PnO of cat, 70 rat, 71 and mouse 72 increases REM sleep, and the release of endogenous acetylcholine in the PnO is significantly increased during REM sleep (reviewed in 2 ). Interestingly, microinjecting hypocretin-1 into cat PnO was shown to increase REM sleep, 20 as would be predicted by the hypocretin-1-induced increase in acetylcholine release. 34 By what mechanisms might PnO microinjection of hypocretin-1 in rat induce wakefulness ( Figure 5 ) rather than REM sleep?
Differences in the dose of hypocretin-1 may account for reported differences in sleep responses between cat and rat following PnO microinjection of hypocretin-1. In cat, 25 to 125 pmol of hypocretin-1 increased REM sleep, whereas 1.25 to 12.5 pmol of hypocretin-1 had no effect on REM sleep. 20 In rat, 10 pmol of hypocretin-1 increased wakefulness and decreased REM sleep ( Figure 5 ). Larger doses of hypocretin-1 may be required to increase REM sleep in rat, as in cat.
Differences between species and between anatomic location of the microinjection sites may also play a role in different sleepwake responses to hypocretin-1. For example, the magnitude of the REM sleep response to PnO microinjection of carbachol is significantly larger in cat than in rat (reviewed in 73 ). The PnO microinjection sites from which hypocretin-1 increased REM sleep in cat 20 are not homologous to the microinjection sites from which hypocretin-1 increased wakefulness in rat ( Figure 5H ). Anatomic site-dependent differences in REM-sleep enhancement caused by PnO microinjection of cholinomimetics are well documented for both cat 73, 74 and rat. 71, 75, 76 Thus, species differences in REM sleep-regulating mechanisms as well as anatomic differences in microinjection site may play a role in different sleep responses to PnO microinjection of hypocretin-1 in cat and rat.
Finally, the behavioral state of the animal during microinjection of hypocretin-1 may be a determining factor in the sleep response. PnO microinjection of hypocretin-1 in cat triggered consistent with a report showing that bilateral microinjection of antisense oligonucleotides against glutamic acid decarboxylase decreases wakefulness and increases REM sleep in cat. 9 PnO microinjection of the GABA A receptor antagonist bicuculline increases REM sleep without altering NREM sleep. [8] [9] [10] The present finding that 3-MPA increased both REM sleep and NREM sleep suggests that decreasing GABAergic tone and blocking GABA A receptors may have different physiologic consequences.
Sleep or sedation are increased by systemic administration of GABAmimetic drugs in humans and animals, yet drugs that increase GABAergic transmission administered directly into specific brain regions can produce increases in wakefulness and decreases in sleep. In addition to the PnO, other brain regions where direct administration of GABAmimetics has been shown to increase wakefulness and decrease sleep include the midbrain reticular formation 84 and the preoptic area/anterior hypothalamus. 85 Microinjection of muscimol into the posterior hypothalamus, however, induces sleep with a short latency 85 in a manner similar to systemic administration of GABAmimetics. Thus, route and brain site of drug administration are key for determining the sleep response to GABA A receptor agonists and benzodiazepines.
concluSionS
Hypocretinergic neurons project to all brain regions known to promote wakefulness, 16 and the excitatory effects of hypocretin 67 are manifest by causing increased release of classic arousal-promoting transmitters such as acetylcholine, 19, 34, 86 norepinephrine, 87 and serotonin. 88 The inability to maintain wakefulness and normal skeletal muscle tone in narcoleptic patients is now appreciated to involve defects in hypocretinergic signaling (reviewed in
11
). The data presented here show, for the first time, that PnO administration of hypocretin-1 increases PnO GABA levels. The PnO is a component of the ascending reticular activating system 79 and is a key part of the pathway mediating REM sleep-dependent skeletal muscle atonia. 89, 90 Remaining to be determined is how the absence of hypocretin alters neurotransmission in brain regions that promote wakefulness and muscle tone.
This study also demonstrated, for the first time, that PnO administration of hypocretin-1 increases wakefulness and decreases sleep, as does PnO administration of the GABA uptake inhibitor nipecotic acid. PnO administration of the GABA synthesis inhibitor 3-MPA was shown to increase sleep and decrease wakefulness. Hypocretin-1 and nipecotic acid increase extracellular GABA levels, and 3-MPA decreases extracellular GABA levels. Thus, the decrease in wakefulness caused by systemic administration of GABAmimetics is unlikely to be mediated at the level of the PnO. Taken together, the data are consistent with the possibility that hypocretin-1 increases wakefulness, in part, by increasing PnO GABA levels. The data provide novel support for the conclusion that increasing GABAergic tone in the PnO promotes wakefulness.
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